The obligate intracellular parasite Toxoplasma gondii, a member of the phylum Apicomplexa that includes Plasmodium spp., is one of the most widespread parasites and the causative agent of toxoplasmosis. Adhesive complexes composed of microneme proteins (MICs) are secreted onto the parasite surface from intracellular stores and fulfil crucial roles in host-cell recognition, attachment and penetration. Here, we report the high-resolution solution structure of a complex between two crucial MICs, TgMIC6 and TgMIC1. Furthermore, we identify two analogous interaction sites within separate epidermal growth factor-like (EGF) domains of TgMIC6-EGF2 and EGF3-and confirm that both interactions are functional for the recognition of host cell receptor in the parasite, using immunofluorescence and invasion assays. The nature of this new mode of recognition of the EGF domain and its abundance in apicomplexan surface proteins suggest a more generalized means of constructing functional assemblies by using EGF domains with highly specific receptor-binding properties.
INTRODUCTION
The intracellular protozoan parasite Toxoplasma gondii is uniquely adapted to infect a wide range of hosts, including virtually all warm-blooded animals and humans. Toxoplasmosis causes a variety of disease states in humans, including severe disseminated disease in immunosuppressed individuals owing to reactivation of encysted parasites and birth defects in infants where mothers are exposed to the parasite for the first time during pregnancy (Hill & Dubey, 2002) . T. gondii also causes significant disease and economic loss in the farming industry, principally by inducing abortion and fetal abnormality in sheep (Fusco et al, 2007) . Raw and undercooked meat from infected animals represents a principal source of human infection with T. gondii (Dubey, 2004) . Around 500 million of the world's population have been infected with Toxoplasma, and toxoplasmosis is considered to be the third leading cause of death attributed to foodborne illness in the United States.
Toxoplasma and other apicomplexan parasites, including Plasmodium (the agents of malaria), share a set of apical secretory organelles such as micronemes and rhoptries, which release a large number of soluble and membrane proteins onto the parasite's surface during invasion. Microneme proteins (MICs) are stored in the micronemes before secretion, after which they participate in the attachment of parasites to the host cell surface (Carruthers et al, 1999) and in the formation of a connection with the parasite actinomyosin system ( Jewett & Sibley, 2003) , which drives motility and invasion (Soldati & Meissner, 2004) . The integrity of the MIC cargo is controlled by several molecular checkpoints during transport and after secretion, which include conformation-dependent sorting and proteolytic processing events. These processes are particularly well characterized for the TgMIC4-MIC1-MIC6 complex (TgMIC4-1-6) from T. gondii (Reiss et al, 2001; Saouros et al, 2005a) .
The TgMIC4-1-6 complex binds tightly to host cell receptors and has a central function in invasion and virulence (Blumenschein et al, 2007) . TgMIC6 contains a membrane-spanning domain and a carboxy-terminal cytoplasmic tail encompassing the sorting signal that is essential for the accurate targeting of the complex to the micronemes (Fig 1A) . TgMIC6 also contains three extracellular epidermal growth factor-like (EGF) domains, the first of which is proteolytically removed during its transport to the microneme organelles and is not present in mature forms of the complex (Meissner et al, 2002a) . In addition, an interaction between the third EGF-like domain of TgMIC6 (TgMIC6-EGF3) and the C-terminal galectin-like domain of TgMIC1 (TgMIC1-GLD; Fig 1A) is crucial for the correct folding of TgMIC6-EGF3 and the transport of the whole complex to the micronemes (Reiss et al, 2001; Saouros et al, 2005a ). TgMIC1 comprises a tandem repeat of a new cell-binding motif called the microneme adhesive repeat (MAR), which has been shown to bind to sialylated oligosaccharides on the host cell surface and recruitment of the third component of the complex, TgMIC4 (Blumenschein et al, 2007) . TgMIC4 is also a soluble celladhesion protein composed of six apple domains that interacts with TgMIC1 and is processed extracellularly, releasing a 15-kDa C-terminal fragment .
Here, we describe a new interaction between TgMIC1 and the second EGF domain from TgMIC6 (TgMIC6-EGF2), and provide a high-resolution basis for assembly of this complex. Experiments based on immunofluorescence studies and host cell invasion assays indicate that both MIC1-MIC6 interactions contribute to the formation of active host cell-binding sites for the invasion of T. gondii. Our study provides a new insight into the mode of interaction between TgMIC1-4-6 and host receptors, as both EGF domains contribute to MIC1 recruitment, recognition of host cell and subsequent invasion.
RESULTS AND DISCUSSION EGF2 from TgMIC6 interacts independently with TgMIC1
Although interactions between MICs are of central importance to their integrity and surface presentation, little is known about the high-resolution determinant of complex assembly. For example, the mature extracellular portion of TgMIC6 contains two canonical EGF domains (EGF2 and EGF3; Fig 1A) , and although TgMIC6-EGF3 is known to interact with the C-terminal galectin-like domain of TgMIC1 (TgMIC1-GLD; supplementary Fig 1 online ; Reiss et al, 2001; Saouros et al, 2005a) , no role has been reported for the second EGF domain (TgMIC6-EGF2). To address this issue, the second EGF domain from the extracellular portion of mature TgMIC6 (TgMIC6-EGF2) was produced in Escherichia coli and assayed for binding to TgMIC1-GLD by gel filtration (Fig 1B) . Examination of the gel filtration profiles showed the co-elution of a protein complex of around 25 kDa molecular weight, corresponding to TgMIC1-GLD with TgMIC6-EGF2. To determine the affinity of this interaction, the binary complex was characterized by using isothermal calorimetry. The binding data for TgMIC1-GLD and TgMIC6-EGF2 followed a standard binding curve. Recorded measurements for enthalpy changes during the titration were fit to a model for a single binding event yielding K d ¼ 53±13 nM with an observed stoichiometry consistent with a 1:1 interaction (Fig 1C) .
A new and specific mode of EGF domain recognition
The high-resolution solution structure of the TgMIC1-GLDTgMIC6-EGF2 complex was solved by using heteronuclear multidimensional nuclear magnetic resonance (NMR) spectroscopy (Fig 2A,B; supplementary Table I online). In agreement with the structure of TgMIC1-GLD (Saouros et al, 2005a) , this region shows the classic b-sandwich of a galectin-like domain when in complex with TgMIC6-EGF2. The structure of the EGF domain within the complex shows a canonical EGF domain topology (Fig 2B) , in which two double-stranded b-hairpins stack in a staggered arrangement that is fixed by the three disulphide bonds present within the core. The two b-hairpins from TgMIC6-EGF2 clamp onto one side of the b-sandwich from TgMIC1-GLD burying an intimate and large surface area at the interface (B1450 Å 2 ), which Architecture of microneme protein complexes K. Sawmynaden et al explains the high affinity of the complex. Gap volume index for the complex is 1.1 Å , indicating highly complementary interacting surfaces (Laskowski, 1995) . Although TgMIC1-GLD is in contact with many residues along the length of the TgMIC6-EGF2 sequence, two principal interfacial regions can be delineated. The first comprises Ala 82, Val 84, Ala 98 and Val 100 from b-strands H and I in TgMIC1-GLD, which forms an exposed hydrophobic surface on one of the large b-sheets (strands KBGHI; Fig 2B) and interacts with residues Ile 44, Leu 46 and Val 52 from the underside of the C-terminal b-hairpin from EGF2 (Fig 2C; interface I) . A second important point of contact is presented by TgMIC1-GLD at one edge of the b-sandwich (Fig 2D; interface II) . In the centre of this region are the hydrophobic residues Phe 49, Val 60 and Tyr 99 from TgMIC1-GLD, which form a binding pocket for Ile 35 from TgMIC6-EGF2 (Fig 2D) . Classical antiparallel hydrogen bonding patterns are also observed between main chain atoms of the second b-strand (residues Cys 38, Cys 36 and Tyr 34) from the EGF domain and the edge of the KBGHI b-sheet (Ser 96, Ala 98 and Val 100 from strand I) to form a contiguous seven-stranded sheet.
To provide a complete structural insight into the mode of interaction, the high-resolution solution structure of TgMIC6-EGF2 in its unbound form was solved. Although the absence of principal rearrangements of secondary structure between the free and bound forms (r.m.s.d. of 1.8 and 1.4 Å over 102 and 41 C a atoms within secondary structure elements of TgMIC1 and TgMIC6, respectively) supports a lock-and-key mode of interaction, several loop regions become more ordered on complex formation. For example, the disordered C terminus of TgMIC1-GLD (residues 128-137) provides a 'latch' by folding back over the KBGHI b-sheet and making numerous intermolecular contacts with the EGF domain ( supplementary Fig 2 online) .
To propose a model for the assembly of mature, full-length forms of TgMIC1 and TgMIC6, we used NMR spectroscopy to Sequence alignments for the EGF domains from TgMIC6 and from a putative MIC6 homologue from N. caninum (top), and for the GLD domains from TgMIC1 and NcMIC1 (bottom), including TgMIC6 (EGF2 aa 93-146, EGF3 aa 146-196, TgMIC1 (GLD aa 320-456) and NcMIC1 (GLD aa 323-460)). Cysteines are highlighted in blue and disulphide bond connectivities are indicated (brackets) for the EGF domains. Secondary structure elements are indicated above the sequence alignments; b-strands are shown as arrows and the a-helix is shown as a cylinder. Prominent interfacial side chains are indicated by red asterisks. EGF, epidermal growth factor-like; GLD, galectin-like domain; HSQC, heteronuclear single quantum coherence; MIC, microneme protein.
Architecture of microneme protein complexes K. Sawmynaden et al establish whether TgMIC1-GLD binds to TgMIC6-EGF3 in the same mode as EGF2. Most of the TgMIC1 amides (485%) experiencing chemical shift changes in the EGF2 complex are also perturbed when TgMIC1 is bound to EGF3 (Fig 3A) . Furthermore, the amides showing the largest chemical shift changes, indicative of principal changes in the chemical environment as a result of binding, are of comparable magnitude in both complexes (supplementary Table II online) . We also recorded an isotope 13 C-filtered/edited nuclear Ö verhauser enhancement spectroscopy (NOESY) spectrum on a hybrid 13 C-15 N-labelled sample and confirmed several predicted intermolecular nuclear Ö verhauser effects (NOEs) based on the TgMIC1-GLD-TgMIC6-EGF2 complex ( supplementary Fig 3 online) . Therefore, we conclude that the modes of recognition of the two EGF domains by TgMIC1 (C) Functional assay comparing various parasite strains for their invasion efficiency using RH-2YFP parasites as an internal standard for parasite fitness and human foreskin fibroblasts as host cells. Invasion data were compared by one-way ANOVA followed by a Newman-Keuls test. Invasion data for DEGF2-MIC6/6 and DEGF3-MIC6/6 parasites are statistically different from MIC6KO and RH-2YFP parasites, supporting the partial complementation of invasion activity in these mutants. ANOVA, analysis of variance; EGF, epidermal growth factor-like; GLD, galectin-like domain; ko, knock out; MIC, microneme protein; RH-2YFP, RH strain of Toxoplasma gondii transformed with a plasmid expressing yellow fluorescent protein.
Architecture of microneme protein complexes K. Sawmynaden et al are analogous, consistent with a sequence alignment that shows a conservation of crucial interfacial residues between the two EGF domains (20% identity between TgEGF2 and TgEGF3; Fig 3B) .
EGF domains are often found in cell surface proteins where they are involved in protein-protein interactions that promote intercellular signalling, often in multivalent interactions to increase specificity. EGF domains are also present in other apicomplexan MICs and in several malarial surface proteins (Anantharaman et al, 2007) . A notable example includes a homologue of TgMIC6 identified in the Neospora caninum genome sequence. The alignment of the EGF domains from these two sequences, together with the alignment of galectin-like domains from TgMIC1 and NcMIC1, shows a high degree of conservation at positions identified as crucial interacting residues in the MIC1-MIC6 complex, suggesting that an equivalent complex is assembled in N. caninum (Fig 3B) . Further examples containing tandem repeats of EGF domains include TgMIC3, TgMIC7, TgMIC8 and TgMIC9 (Meissner et al, 2002b) , MIC4 from Eimeria, Plasmodium falciparum Pfs25, which is expressed in zygotes and ookinetes, and the merozoite surface protein MSP1. Our structure for the TgMIC1-GLD-TgMIC6-EGF2 complex provides the first structural insight into the recognition of the EGF domain at the surface of apicomplexans and might represent a generalized mode of interaction, in which the first b-hairpin of the EGF domain extends an intermolecular b-sheet and the second b-hairpin clamps the surface. It is conceivable that b-sheetrich domains other than GLDs interact with EGF domains in a similar manner.
EGF2 and EGF3 promote host cell receptor recognition
Our observation of two independent TgMIC1 interactions within TgMIC6 has profound consequences for the recognition of host cell receptors, as TgMIC1 is able to discriminate oligosaccharides in a highly specific manner (Blumenschein et al, 2007) . To determine the relative importance of the twin TgMIC1-binding sites within TgMIC6, transport of the components of the complex was analysed by immunofluorescence assay in a mic6 knock out (ko) strain, as well as in mic6ko parasites complemented with constructs expressing full-length TgMIC6, TgMIC6-DEGF3 or TgMIC6-DEGF2. It has been shown previously that, in the absence of TgMIC6, TgMIC1 is mistargeted to the dense granules but that the expression of full-length TgMIC6 in the mic6ko background fully rescues the correct targeting of TgMIC1 to the micronemes (Reiss et al, 2001; Saouros et al, 2005a) . Complementation of the mic6ko with either TgMIC6-DEGF3 or TgMIC6-DEGF2 also restores the transport of TgMIC1 to the micronemes (Fig 4A,B) , suggesting that both TgMIC6 EGF domains are able to interact independently with TgMIC1 within the parasite. It has recently been shown for TgMIC3 that the minimal requirement for microneme delivery is the presence of its pro-peptide together with any one of the adjacent EGF domains (El Hajj et al, 2008) . In other studies, it has been suggested that short a-helical segments are important for secretory organelle sorting (Dikeakos et al, 2007) . Interestingly, our structural data show the presence of an a-helix within the amino terminus of TgMIC6-EGF2, which is immediately adjacent to the predicted TgMIC6-EGF1 cleavage site ( Fig 1A) ; therefore, the subsequent exposure of the helix by the proteolytic removal of TgMIC6-EGF1 could reflect a biological signal that indicates the correct assembly of the complex and, in turn, allows correct targeting.
To determine whether the mutant complexes in the TgMIC6-DEGF3 and TgMIC6-DEGF2 parasites are functional in invasion, we characterized the relative invasion efficiency of the mic6ko and the various complemented strains. The host cell invasion efficiency of the mic6ko strain was reduced to around 50% of the level of the parental RH strain (Fig 4C) . Invasion efficiency was partly restored when the mic6ko strain was complemented with TgMIC6, TgMIC6-DEGF3 or TgMIC6-DEGF2, providing evidence that both EGF domains allow the presentation of TgMIC1 and recognition of host cell receptors for invasion (Fig 4C) . Microneme targeting and subsequent invasion by the mutant parasites are not as efficient as with full-length TgMIC6, which most likely reflects the perturbed stoichiometry of the complex (Fig 4) . (Blumenschein et al, 2007) . Our new discovery extends this model for TgMIC4-1-6 complex function in that four receptor-binding sites could be presented through two branches of TgMIC1 molecules bound to one TgMIC6. This subunit multivalency is further reminiscent of the erythrocyte-binding antigen (EBA-175) from P. falciparum (Blumenschein et al, 2007; Hager & Carruthers, 2008) , which is dimeric and comprises tandem Duffy-binding ligand domains that recognize several sialyl glycans (Tolia et al, 2005) .
Speculation

METHODS
Recombinant TgMIC1-GLD, TgMIC6-EGF2 (residues 87-147) and TgMIC6-EGF3 (residues 141-209) were expressed and purified as described previously (Saouros et al, 2005a,b) . T. gondii mic6ko parasites, as well as the mic6ko-complemented stable parasite strains MIC6TY, MIC6-DEGF2 and MIC6-DEGF3, were obtained as described previously (Reiss et al, 2001) . Indirect immunofluorescence assays were used to probe the transport of TgMIC6 and TgMIC1. Comparison of the various T. gondii strains for invasion efficiency was carried out using the RH strain transformed with a plasmid expressing yellow fluorescent protein (RH-2YFP) as the internal standard.
The interaction between TgMIC1-GLD and either TgMIC6-EGF2 or TgMIC6-EGF3 was probed using two-dimensional 1 H-15 N heteronuclear single quantum coherence (HSQC) NMR mapping experiments, gel filtration chromatography and isothermal titration calorimetry.
For the structural determination, NMR spectra on the complex were recorded on hybrid labelled samples of 15 N, 13 C-or 14 N, 12 C-TgMIC1-GLD (residues 320-456 in the full-length TgMIC1 sequence) and 14 N, 12 C-or 15 N, 13 C-TgMIC6-EGF2 (residues 87-147 in the full-length TgMIC6 sequence). Backbone and side-chain assignments were completed using standard methodology (Sattler et al, 1999) . Intermolecular NOE identification was aided by filtered ( 12 C, 14 N)H-NOESY-13 C-HSQC experiments (Zwahlen et al, 1997) . Coordinates for the NMR structures of unbound TgMIC6-EGF2 and the TgMIC1-GLD-TgMIC6-EGF2 complex have been deposited at the Protein Databank under the accession codes 2K2T and 2K2S. For detailed descriptions, see the supplementary information online. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
